Abstract. In this paper the performance of existing and novel designs of overhead bare conductors with regard to their capacity to evacuate the heat generated by ohmic losses is compared. The effect of both the diameter of strands and the external shape of the conductor on the convective heat transfer capacity are evaluated with a finite element method commercial software for an ACSR conductor with different diameter strands, wind velocities and conductor current, resulting in a design that improves the customary design by around a 7 % of thermal rating.
Introduction
The thermal rating of overhead line bare conductors is limited by either the minimum clearance above ground, as required by specific technical regulation, or the creep process, which accelerates with temperature. The vast majority of HV overhead lines and the shortest EHV lines have their transmission capacity thermally limited, so different techniques have been developed to uprate them, like dynamic line rating (DLR) [1] , re-conductoring with low-sag conductors [2] , and re-tensioning.
One of the ambient parameters that critically affect the conductor temperature is the wind velocity through the forced convection process [3] . This circumstance is opening the possibility to develop DLR tailored to the evacuation lines of wind farms, where an increase of power is correlated with a higher wind velocity [4] .
The forced convection is not only affected by the wind speed, but also by the surface and shape of the conductor, so that a favourable conductor design could increase the heat evacuated by forced convection.
In this paper, we continue the research started in [5] with the aim of designing new overhead conductors that have a better convective heat transfer performance. The problem involved includes three coupled physics phenomena: electromagnetic, thermal, and fluid dynamics. To solve this problem, a good choice is to resort to multi-physics software like COMSOL [6] , in order to compute the temperature inside the conductor with enough accuracy.
The use of conductor shapes other than circular has been proposed previously, not for the purpose of increasing the ampacity, but to reduce the wind load on the conductor [7] .
The paper is structured as follows. In section 2 the multiphysics problem is formulated. Section 3 analyzes the effect of the outermost layer design for a particular conductor. In section 4 the effect of the conductor shape is studied. Finally, in section 5 the conclusions are presented.
Problem definition
In the following, the main hypotheses considered, as well as the mathematical models to be solved, are described [8] .
A. Electromagnetic problem
To compute the heat dissipated in the power conductor for a given current, the electromagnetic problem needs to be solved. Its value is the heat input for the thermal problem. To this aim the following assumptions are considered:
1) The power conductor is straight and infinitely long.
2) The phase current is sinusoidal with 50 Hz of frequency. 3) All materials have constant electrical properties, with the exception of conductive materials, whose electrical conductivity σ(θ) depends on temperature:
where θ is the unknown temperature and σ 0 and α are the conductivity and the temperature coefficient of the material at 20 ºC, respectively. 4) Ferromagnetic materials are supposed to have constant permeability (µ). 5) Magnetics losses in ferromagnetic materials are neglected.
In this situation, the equation to be solved can be described as
being A  the magnetic vector potential, ω the angular frequency and e J  the external current density.
Once the problem is solved, the power losses generated in the conductor (Q l ) can be calculated from the total current density J  as
B. Thermal problem
The thermal problem is solved by considering the following assumptions: 1) Since the power cable is straight and infinitely long, the heat transfer problem can be formulated in 2D on the x-y plane. 2) All materials have constant thermal properties.
3) The air temperature is known (θ amb ). 4) Heat radiation (Q rad ) is present between the outer cable surface and the surrounding environment, with known surface emissivity (ε) of the materials. 5) Solar heating is present (Q s ), with known solar radiation (I s ) and surface absorptivity (α s ) of the materials. 6) Heat dissipation by forced convection is also considered (Q conv ). 7) Wind velocity is known and perpendicular to the power conductor, so that the system remains in 2D.
In consequence, the temperature of the power conductor can be derived from the associated steady-state heat balance equation, expressed as
where steady-state heat conduction inside the conductor is given by 0
the radiation heat loss is derived from ) (
the heat input caused by solar radiation in a circular conductor is obtained from
and the heat dissipated by forced convection is obtained from )
being ρ the air density, C p the heat capacity of air, u the air velocity vector, θ the unknown temperature, D the conductor diameter, φ the elevation angle of the Sun, σ the Stefan-Boltzmann constant, and k the thermal conductivity of each material.
Since there are temperature-sensitive properties, such as the electrical conductivity of the conductor, the coupled electromagnetic-thermal problem is iteratively solved. Hence, these parameters are continuously corrected for the newly calculated temperature.
C. Fluid dynamics problem
For the computation of the heat transferred by forced convection, the air velocity field u around the conductor is required. This involves the computation of the continuity and momentum equations (Navier-Stokes equations) that govern the fluid flow, in the form of
where p and µ are the air pressure and viscosity, respectively. Since air properties are temperature dependent also, the fully coupled problem must be solved employing iterative techniques. As wind velocity ranges from 0.5 m/s to 10 m/s, a k-ε turbulence model was considered.
Effect of the outermost layer design
The case of the ACSR round conductor with 400 mm 2 Al and 25 mm 2 St is analyzed next, where the properties of the materials are included in Table I . Regarding the boundary conditions, the temperature of the air is taken as θ amb = 20 ºC, for a wind velocity (V in ) ranging from 0.5 m/s to 10 m/s (wind blowing in the horizontal direction). The solar radiation is taken as I s = 1000 W/m 2 , with the sun placed directly over the conductor (φ = 90 º). Finally, the current through the conductor (I 0 ) will vary from 600 A to 2500 A. 
Material Property
Properties from COMSOL library
For the sake of simplicity, the geometry of the power conductor is as shown in Fig. 1 [9] . Since Al and St strands are all in contact, the temperature inside the conductor is quite uniform. As a consequence, strands are taken into account to model the surface of the conductor only. Also, the steel reinforcement is assumed to have circular cross section. In this situation, for a given current (800 A) and wind velocity (1 m/s), the temperature and velocity fields around the conductor are shown in Fig. 2 . The Sun is supposed to be at the zenith (φ = 90 º). Regarding the strands, their dimension may have a strong influence on the heat transfer mechanisms present in this model. In particular, depending on their diameter, the surface exposed to radiation, convection and solar heating is different, and so the heat evacuated from the conductor. In this sense, Fig. 3 shows the evolution of the maximum temperature obtained in the conductor as a function of strand diameter and wind velocity. As can be observed, for a given wind velocity, the temperature of the conductor may be more than 2.5 ºC higher when using strands of 4.8 mm instead of 1.83 mm, although this behaviour is more important for wind velocities in the range of 0.5-2 m/s. This is more detailed in Fig. 4 for a wind velocity of 1 m/s. The figure shows that reducing the strand diameter leads to lower temperatures, even lower than that obtained when considering a circular non-stranded conductor (smooth) (Fig. 5) . The lower the strand diameter, the higher the perimeter of the conductor, hence the higher surface exposed to forced convection and heat radiation. An additional parameter that could improve even further the heat evacuation is the conductor shape, being analyzed next. 
Effect of conductor shape
In [5] , two possibilities were presented in relation with the position of the elliptical conductor, horizontal and vertical (Fig. 6 ). In a similar way to the circular conductor, the geometry of the elliptical conductor may be simplified, only considering the strands to model the surface of the conductor. This way, Fig. 7 shows the temperature and velocity fields around elliptical conductors (major axis-to-minor axis ratio of 1.4) of the same Al and St sections and the same current and wind velocity than in Fig. 2 . For the present study case, Fig. 8 shows the maximum temperature achieved with each conductor shape as a function of the strand diameter, where "smooth" denotes circular or elliptical shapes with solid section. As can be observed, the vertical-elliptical conductor can provide lower temperature than the circular conductor for the smooth case, while the temperature in the horizontal one is much higher. This is also observed for stranded-conductor surfaces. The main reason of this behavior is that, for the moderate load level considered in the line (800 A), heat evacuation by radiation and forced convection are more or less in the same order for all conductor shapes. However, the surface exposed to solar radiation is higher in the horizontal-elliptical conductor (the Sun is supposed to be at the zenith). Hence, the heat input on this conductor is noticeably higher than in the other conductor shapes, leading to a higher temperature.
Also, as concluded previously, the use of thinner strands leads to lower temperatures, even lower than the smooth case. This is also shown in Fig. 9 for the particular case of the vertical-elliptical conductor, where it is depicted the evolution of the maximum temperature of the conductor as a function of strand diameter and wind velocity. It is easily observed that, for a given wind velocity, the temperature of the conductor may be about 2.8 ºC higher when using strands of 4.8 mm instead of 1.83 mm. However this effect is only of importance for wind velocities in the range of 0.5-3 m/s. On the other hand, it is of importance to analyze the influence of strand diameter, hence the surface design, on the heat evacuation for different load levels in the conductor. This is shown in Fig. 10 for the case of a vertical-elliptical conductor, where it is easily concluded that thinner strands leads to a lower temperature specially for important load levels. In particular, for a wind velocity of 1 m/s (Fig. 10a) , the difference between using strands of 4.8 mm and 1.83 mm is in the range of 8 ºC for a current of 1600 A. However, this behaviour is less important when wind speed increases. In this sense, for a wind velocity of 5 m/s (Fig. 10b) , higher currents can flow through the conductors, but the differences decrease up to 5 ºC for the range of strands diameter considered. Nonetheless, it has to be noticed that this effect starts to be of importance (differences higher than 3 ºC) for currents higher than 1000 A for wind velocities of about 1 m/s, and 2000 A in the case of wind velocities in the range of 5 m/s.
Although previous results conclude that a verticalelliptical conductor would be the best choice in order to reduce the maximum temperature of an overhead conductor, it is of interest to analyse if this conclusion is always true in relation with the other conductor shapes. In this sense, Fig. 11 represents the influence of the load level for different strand diameters in the cases of circular (Cx.x), horizontal-elliptical (Hx.x) and vertical-elliptical (Vx.x) conductors (where x.x denotes strand diameters of 4.8 mm, 3.45 mm and 1.83 mm). As can be observed, for strand diameters of 4.8 mm and 3.45 mm, the verticalelliptical conductor is always the coolest conductor shape, although the differences on the temperature are almost negligible when the conductor is close to its thermal limit (100 ºC). However, for a strand diameter of 1.83 mm this is not always true, since it is easily observed how the lowest temperature is achieved by the horizontal-elliptical conductor when the current is higher than 1650 A. The main reason of this behavior is again related to the importance of each heat transfer mechanism for the load levels considered. In this particular situation, when conductors are close to their thermal limit (around 100 ºC), the heat evacuated by radiation is more important than the heat input caused by solar radiation. As a consequence, heat transfer by forced convection makes now the difference, and this mechanism is more efficient in horizontal-elliptical conductors made by thin strands, which increase the external surface of the conductor exposed to forced convection. These results show that a deeper analysis is required, since the optimal conductor shape may depend on environmental and technical conditions. However, in a first approach it can be concluded that the vertical-elliptical conductor would be the first choice to be considered. For this reason, it is also of interest to analyze the influence of the air temperature on the temperature achieved by this conductor shape. This is shown in Fig. 12 for a wind velocity of 1 m/s and a current of 800 A. As can be observed, the air temperature has some influence on the variations of the heat evacuation derived from the use of thicker or thinner strands. In this sense, for the particular situation shown in Fig. 12 , there is a difference of about 2 ºC when using strands of 4.8 mm instead of 1.83 mm for air temperatures ranging from 20 ºC to 40 ºC. However, this is only noticeable for wind velocities in the order of 1 m/s, since the differences observed for higher values of wind velocities are lower than 0.3 ºC. 
Conclusions
Novel designs have been proposed to improve the heat convection transfer of overhead conductors with the aim of increasing the thermal limit. The effect of the strand diameter and the conductor shape on the thermal behaviour have been analyzed, concluding that the smaller strand diameter the lower the steady-state temperature. This effect is more pronounced at low wind speeds of around 1 m/s. This behaviour is also valid for the elliptical stranded conductor, together with an additional advantage derived from the shape, being the vertical arrangement more advantageous than the horizontal one. A reduction of around 5 ºC can be obtained for a section similar to ACSR Condor when the customary rounded shape stranded conductor is replaced by the vertical-elliptical one, resulting in increase of around 7 % of thermal rating. Further research regarding the 3-D design of the conductor and its thermal and mechanical behaviour will be carried out in the next future with the expectancy of finding a design that have a significantly better thermal and mechanical behaviour at a reasonable cost.
